In the retinal image of the natural world, edges and shapes can be defined by first-order attributes, such as luminance, and second-order attributes, such as contrast and texture. Previous studies have suggested that, in the human visual system, these attributes are initially detected separately and integrated later. Thus, comparing the strength of different geometrical optical illusions in stimuli, in which different elements are defined by the same or different attributes, is helpful to investigate at which stage the underlying mechanism of the illusion is located. We investigated whether there is a single common mechanism underlying the Ebbinghaus illusion in stimuli defined by different attributes. We used the traditional Ebbinghaus (Titchener) illusion figure: a target disk surrounded by smaller or larger inducer disks. The background and stimuli consisted of sine-wave gratings. We manipulated the luminance, contrast, and grating orientations of the target disk and inducer disks to create stimuli defined by each of these attributes. We then examined whether the illusion occurred in stimuli defined by each single attribute and in compound stimuli, in which the target and inducers were defined by different attributes. We found that the Ebbinghaus illusion occurred with the same strength in stimuli defined by all three attributes. We also found an asymmetry, such as the second-order inducers affected the first-order target less than they affected the second-order targets, but the first-order inducers affected all targets similarly. Our findings suggest that different attributes are likely to be integrated into a cue-invariant shape representation prone to the Ebbinghaus illusion. However, first-order and second-order stimuli may differently contribute to the quantitative aspect of the illusion, resulting in the asymmetric illusion strength.
Introduction
In addition to first-order information, such as luminance variations, natural images contain abundant second-order information that can be detected by the human visual system (Schofield, 2000) . Second-order information encompasses a wide range of stimulus attributes, including spatial variations not in mean luminance but in local contrast and texture, relative motion, and binocular disparity. While the first-order attributes can be conveyed by a single point of an image, detection of the second-order attributes requires comparing more than one point (Cavanagh & Mather, 1989) . Also, the second-order attributes cannot be detected by linear Fourier analysis mechanisms, as opposed to the firstorder attributes (Chubb & Sperling, 1988) . The human visual system can detect and process both first-and second-order information. A conventional view supported by numerous neurophysiological studies is that these two types of information are detected by separate parallel channels and are, at least partly, integrated at a higher stage (Baker & Mareschal, 2001 for review) .
Psychophysical studies also support the initial separate processes for first-and second-order information in both static and motion stimuli.
Sensitivity to contrast-modulated gratings is lower than that to luminance-modulated ones, although the sensitivity curves for these two types of grating have similar dependencies on spatial frequency (Schofield & Georgeson, 1999) . There is order-specific facilitation within each stimulus type, but no cross-facilitation between luminance and contrast modulations. Different types of second-order stimuli, such as contrast and orientation modulations, do not facilitate the detection of each other (Kingdom, Prins, & Hayes, 2003) . For motion, alternating frames of luminance and contrast modulations do not integrate to enable motion correspondence across these frames, implying separatetask, the first-order carrier and second-order envelope of a grating can interfere with each other (Dakin, Williams, & Hess, 1999) . In some cases of such integrations, each attribute plays its own specific role, thus the identity of each should be preserved. Examples of such integrations come from studies on depth perception: an equiluminant color grating combined with a luminance grating enhances depth perception when they have different orientations, but suppresses it when they share the same orientation and phase (Kingdom, 2003; Kingdom, Rangwala, & Hammamji, 2005) . A color grating can also yield phasedependent depth enhancement when combined with a grating defined by both luminance and orientation modulations (Kingdom, Wong, Yoonessi, & Malkoc, 2006) . Other second-order attributes can also help to construct depth. When contrast and luminance variations are positively correlated, they usually signal a shading cue, but when they are negatively correlated, they are more likely to signal a change in object material; accordingly, noise gratings modulated in both luminance and contrast, trigger a strong sense of depth when luminance and contrast share the same peak, but not when their peaks are misaligned (Schofield, Hesse, Rock, & Georgeson, 2006; Schofield, Rock, Sun, Jiang, & Georgeson, 2010) .
These studies show that when different attributes (luminance, color, contrast, and orientation modulations) interact with each other, they can play distinct and unique roles, such as enhancing the sense of depth or signaling changes in material. However, in other cases, all types of attributes play the same role, e.g., defining an edge or a shape. In these cases, similar underlying mechanisms might exist separately for each attribute, or all attributes may be completely integrated and then processed by a single shared mechanism. It is conceivable that the former is relevant at early stages of processing while the latter at later stages. For example, Georgeson and Schofield (2002) showed complete transfer of the tilt aftereffect between first-and second-order stimuli. However, they also showed that the identity of each attribute was not lost, concluding that separate channels process the first-and second-order attributes at an earlier stage and by a common, or pooled, adaptation mechanism at a later stage. Transfer of the tilt aftereffect between different types of second-order stimuli also occurs but incompletely, suggesting only partial integration (Cruickshank & Schofield, 2005) .
For luminance-defined (LD), contrast-defined (CD), and orientationdefined (OD) patterns, incomplete transfer of the motion aftereffect occurs from first-to second-order stimuli and from CD to OD patterns, but not from second-to first-order patterns and from OD to CD patterns (Schofield, Ledgeway, & Hutchinson, 2007) . Given partial transfer, LD, CD, and OD stimuli may be processed within distinct mechanisms each adaptable to motion, but the existence of transfer implies that all three attributes may share a common adaptation mechanism with a hierarchy of processing in order from LD to CD to OD stimuli, where attributes extracted earlier affect attributes extracted later, but not vice versa.
On the other hand, some more intricate aspects of shape perception, such as the interpretation of occluding surfaces and the sense of depth in the figures such as the Necker cube, are similar among different attributes, namely luminance, color, and texture, suggesting that at processing stages pertinent to these aspects, some attributes are completely integrated into a single cue-invariant representation of shape and processed within a single shared mechanism (Cavanagh, 1987) . To know whether shapes are processed by the same mechanism irrespective of defining attributes, a promising strategy is to examine whether a certain shape illusion arises in stimuli defined by different attributes. For example, Hamburger, Hansen, and Gegenfurtner (2007) showed that many geometrical optical illusions occurred in equiluminant color stimuli and had the same magnitude as in LD stimuli, claiming that stimuli defined by luminance and color are processed by a common underlying mechanism for these illusions. The illusions these researchers investigated include the Ebbinghaus (or Titchener) illusion, in which a central disk surrounded by smaller disks appears larger than the same central disk surrounded by larger disks-in our study, we took advantage of the very powerful effect of this illusion as a tool to investigate cross-attribute interactions in shape processing.
As for second-order attributes, in an early report by Ramachandran and Anstis (1990) , who anecdotally mention that the Ebbinghaus illusion might occur in stimuli defined by relative motion, no measurement was made, let alone comparison with that seen in first-order stimuli. Cavanagh (1989) reported the Zöllner and horizontal-vertical illusions of comparable illusion strength in stimuli defined by such attributes as luminance, color, texture, relative motion, and binocular disparity. However, the Zöllner illusion, but not the horizontal-vertical illusion, became weaker in compound stimuli that comprised shape elements defined by a combination of different attributes. It was concluded that different attributes are processed within separate but similar underlying mechanisms for the Zöllner illusion to occur, but the horizontal-vertical illusion is likely to arise owing to the stage of cue-invariant shape processing. In another study by Papathomas, Feher, Julesz, and Zeevi (1996) , the Ebbinghaus illusion was examined in stimuli defined by both luminance and binocular disparity (hence monocularly visible) and stimuli defined solely by binocular disparity (hence cyclopean). The illusion was weaker for the cyclopean stimuli than for the monocularly visible ones. Moreover, the illusion was weaker in compound stimuli, especially when the inducer disks were cyclopean, and the target disk was monocularly visible. These results are more consistent with distinct mechanisms in similar processing principles implemented within separate channels, rather than with a single shared mechanism working on an integrated cue-invariant shape representation. However, as the authors note, the monocularly visible stimuli had two components (with luminance and disparity corresponding to first-order and second-order attributes respectively), thus more information was available, which might have contributed to the difference in illusion strength. Furthermore, intrusion of first-order artifact from potential crosstalk cannot be completely denied, considering the specifications of the monitor and liquid-crystal shutters used to deliver binocular images.
Therefore, in this study, we aimed to clarify whether the Ebbinghaus illusion has the same magnitude in stimuli defined by a first-order attribute, stimuli defined only by a second-order attribute without any first-order cues, and compound stimuli in which the attribute of the target disk and those of the inducer disks differ. Contrast and orientation modulations are the easiest to isolate from luminance modulations, therefore we used LD, CD, and OD stimuli. Using two different second-order attributes, i.e., CD and OD also allowed us to test whether different second-order attributes are processed by single or separate mechanisms .
Methods

Observers
The first author (O1) and five naïve adults (three females and two males) participated. All had normal or corrected-to-normal visual acuity with no astigmatism. Our study followed the Declaration of Helsinki guidelines and was approved by the institutional ethics committee of the Graduate School of Humanities and Sociology at the University of Tokyo. We obtained written informed consent from all participants prior to the experiment.
Apparatus
Stimuli were generated by a computer (Apple Mac Pro) using MATLAB (The MathWorks) programming software and the Psychophysics Toolbox extensions (Brainard, 1997; Pelli, 1997) and presented on a 22-inch liquid crystal monitor (Eizo FlexScan SX2262W) with a resolution of 1920 × 1200 pixels and a refresh rate of 60 Hz that was driven by an ATI Radeon HD 5770 graphics card calibrated for gamma correction to linearize the luminance output as measured with a photometer (Cambridge Research Systems ColorCAL). The experiment was conducted in a semi dark room. The stimuli were viewed with both eyes open with the observer's head on a chin rest and the eyes free to move. The viewing distance was 50 cm.
Stimuli
In each trial, the display consisted of a test stimulus and reference disk ( Fig. 1a and b) . The test stimulus was a target disk with surrounding inducer disks. The reference disk was a disk without inducers. The test stimulus was presented on the left, and the reference disk was presented on the right. Their center-to-center distance was set at 450 pixels, which corresponded to 12.68 degrees of visual angle.
Each target disk had a diameter of 108 pixels (3.06 deg). The inducers that surrounded the target disk either consisted of five large inducers (LIs) with a diameter of 162 pixels (4.58 deg) or 11 small inducers (SIs) with a diameter of 36 pixels (1.02 deg). The center-tocenter distance between the target disk and each inducer disk was 162 pixels (4.58 deg) for the LI stimuli and 82 pixels (2.32 deg) for the SI stimuli, which resulted in an edge-to-edge distance of 27 pixels (0.77 deg) for the LI stimuli and 10 pixels (0.28 deg) for the SI stimuli.
The background was filled with a sine-wave luminance grating given by Eq. (1),
where L b , C b , a b , and f denote mean luminance (91.72 cd/m 2 ), contrast (50%), spatial frequency (10.6 cpd), and orientation (−15°) (throughout this paper, 0°denotes vertical, and a positive angular offset indicates clockwise rotation). The gratings for the stimuli are given by Eq. (2),
where L s denotes a luminance increment (or a decrement) relative to the background, C s the contrast of the stimulus, and a s its orientation. Three grating patterns were created by changing L s , C s , and a s , as follows ( Fig. 1c-e 
):
Luminance defined (LD):
; the stimulus was defined solely by the difference in mean luminance, thus activating only the first-order mechanism. We decreased the luminance of the stimulus by 3.9% of the background's, which resulted in the mean luminance of 88.23 cd/m 2 .
Contrast defined (CD): L s = 0, a s = a b , C s = 10% (≠C b ); we attempted to define the stimulus solely by the difference in contrast so that only the second-order mechanism should be activated.
; we attempted to define the stimulus solely by the difference in grating orientation so that only the second-order mechanism should be activated.
The values of L s and C s were determined through a pilot test aimed to minimize differences in the saliency of the first-and second-order stimuli. Since the orientation of the OD stimulus had to be fixed to serve as a baseline, the luminance of the LD stimulus and the contrast of the CD stimulus were gradually manipulated to establish a rough perceptual match to the OD stimulus in terms of saliency. In the pilot test, the OD disk was presented on the screen together with the LD or CD disk and the observer who was the first author (O1) chose whish disk appeared more salient. The method of adjustment was used to reach the perceptual match.
The reference disk was created by setting the parameters of Eq. (2) such that (L s , C s , a s ) = (−2.09 cd/m 2 , 40%, 0°). Thus, luminance, contrast, and orientation all contributed to the definition of the reference disk. According to the method of constant stimuli, the diameter of the reference disk was varied across trials, ranging from 96 pixels (2.72 deg) to 128 pixels (3.62 deg) with a step of 2 (3.4 min of arc) or 4 pixels (6.8 min of arc), appropriately tuned for each observer's sensitivity.
Procedure
The point of subjective equality (PSE) for the size of the target disk in each condition was measured using a two-alternative forced choice procedure.
First, a white fixation cross was presented for 0.5 s on a uniform gray background with a luminance of 91.72 cd/m 2 . Next, the background grating, test stimulus, and reference disk were presented for 1 s. After these stimuli disappeared, the uniform gray background was presented again, and the observer was requested to press the key on the keyboard that indicated whether the target disk or reference disk appeared larger. The next trial started immediately after the response. Each experimental session consisted of 56 trials with a short break after 28 trials. The size of the reference disk was chosen from seven 
different sizes presented in random order. To prevent the observers from judging the stimulus size based on vertical position information, we added position jitter to the reference disk within a range of 108 pixels (3.06 deg).
We divided the experiment into three blocks based on the attribute that defined the target disk: luminance (LD target), contrast (CD target), or orientation (OD target). Each block started with a practice session, during which a target disk without surrounding inducer disks was presented on the left and a reference disk on the right. Next, each target disk was tested under six different conditions: with LI disks defined by luminance (LDLI), contrast (CDLI), or orientation (ODLI), and with SI disks defined by luminance (LDSI), contrast (CDSI), or orientation (ODSI). Therefore, there were 18 conditions in total (3 target disk attributes × 3 inducer attributes × 2 inducer sizes). Each condition was tested in a separate session. The order of the conditions was counterbalanced across the days and observers. The block order was also counterbalanced across the days and observers. There was a period of rest between the sessions. Each session took, on average, 2-3 min to complete.
Results
The Ebbinghaus illusion in all attributes
The data were fitted with a logistic function with a lapse rate of 0.02 using the Palamedes Toolbox extensions for MATLAB (Prins & Kingdom, 2009 ) to determine the psychometric function for each condition. Exemplar psychometric functions (observer O1, LD target) are shown in Fig. 2 .
Bootstrap analysis (1000 iterations) was performed using the Palamedes toolbox to estimate standard errors and to perform statistical tests. The illusion strength for each condition was quantified as the difference in PSE between the LI and SI stimuli. The illusion strengths for all nine conditions for all observers, as well as the inter observer means, are shown in Fig. 3 . Illusion strength was significantly different from zero in all conditions for all observers, except for the LD target with OD inducers for observer O2 and for the LD target with CD inducers for observer O4.
A two-way repeated-measures analysis of variance (ANOVA) (three targets × three inducers) was performed to compare illusion strength across different conditions. There was a significant main effect of target, F (2, 10) = 7.76, p = .009, and a significant interaction, F (4, 20) = 4.66, p = .008. Multiple comparisons using the Bonferroni-corrected ttest revealed that the mean illusion strength in the stimuli with the CD target was significantly different from the mean illusion strengths in the stimuli with the LD target (t = 4.40, p = .02), and OD target (t = 2.81, p = .04). As for the target-inducer interaction, there was a significant simple main effect of target in the CD inducer stimuli, F (2, 30) = 9.55, p = .005, and OD inducer stimuli, F (2, 30) = 5.01, p = .03, and a significant simple main effect of inducer in the LD target stimuli, F (2, 30) = 6.11, p = .02. Multiple comparisons indicated that the CD inducers affected the CD target more than they affected the LD target (t = 3.81, p = .04) or the OD target (t = 3.53, p = .04). Differences in illusion strength in the stimuli with OD inducers did not survive Bonferroni-corrected t-tests. The LD inducers affected the LD target to a greater extent than the OD inducers (t = 3.78, p = .04). It should also be noted that although the difference did not reach significance (p = .11), the illusion tended to be stronger in the LD target with the LD inducer stimuli compared to the LD target with the CD inducer stimuli, as the individual data for at least four observers (O1, O2, O4, and O6) showed.
To sum up, these results demonstrate robust occurrence of the Ebbinghaus illusion across different stimulus attributes. The results also indicate that the second-order inducers affected the first-order target less than they affected the second-order targets, and the first-order target was affected less by the second-order inducers than it was affected by the first-order inducers. The opposite was not true, and the first-order inducers seem to affect all types of targets to similar extents. The same tendency can also be seen from the individual data.
Replication at lower spatial frequencies
Different mechanisms can be tuned to different ranges of spatial frequencies. To check whether the above findings were specific to the spatial frequency of the pattern chosen, we conducted additional sessions with one observer (O1) and examined whether the Ebbinghaus illusion had the same strength in stimuli with sine-wave gratings at medium (5.3 cpd) and low (0.9 cpd) spatial frequencies. For these additional sessions, the mean luminance was changed to 77.22 cd/m 2 for the LD stimuli and to 84.46 cd/m 2 for the reference disk to improve visibility. The Ebbinghaus illusion occurred in all stimuli at both the medium and low spatial frequencies, with no distinct differences in illusion strength across the conditions (Fig. 4) . These results indicate that the first-and second-order systems are equipped with similar mechanisms, or share a common mechanism tuned for a wide range of spatial frequencies.
Subjective equiluminance of contrast-defined stimuli
One of the most important issues when using second-order stimuli is to exclude any possibility of luminance artifacts contributing to perception. For CD stimuli, it is important to note that changes in contrast might affect the perception of luminance. If so, then the luminance value at which CD stimuli appear equiluminant to the background might differ from that used in our experiment. In this case, the stimuli would be visible to the first-order pathway as well.
To eliminate this possibility, we tested CD stimuli across a wide range of luminance values. We started with the luminance level at which the stimuli appeared reliably darker (89.63 cd/m 2 ) than the background and then increased the luminance until they appeared reliably brighter (93.81 cd/m 2 ) than the background. Even if the luminance values at which the stimuli and background were perceived as equiluminant were not physically equal, the actual equiluminance point must be somewhere inside the range we tested. As the perception of the target disk size was similarly affected by the inducers at all tested , and orientation-defined (OD) target and inducers, with the data for the six observers and inter observer means plotted separately in different panels. The error bars denote the standard error. *** p < .001, ** p < .01, * p < .05.
S. Lavrenteva, I. Murakami Vision Research 148 (2018) 26-36 luminance values (Fig. 5) , we conclude that CD equiluminant stimuli are indeed affected by the Ebbinghaus illusion.
Different stimulus configuration
The problem of luminance artifacts is as relevant for OD stimuli as it is for CD stimuli. To rule out the possibility of luminance artifacts along the borders of the OD stimuli contributing to perceiving the Ebbinghaus illusion, we first confirmed that borders alone were not sufficient for the perception of the illusion as such. When we imposed uniform gray masks on the background and stimuli in a way that only a thin border between them remained visible, it became almost impossible to distinguish the figures and, hence, judge the size differences.
However, some luminance artifacts might contribute only when texture information is available. Luminance artifacts are most likely to arise on the borders between the stimuli and background, which is where the gratings in the stimuli and background have the same phase, so that regions with the same luminance polarity form continuous angles. The best stimuli to avoid this problem are those for which the phases of the gratings in the stimuli and background are reversed between the borders. This is impossible to achieve when a conventional figure for the Ebbinghaus illusion consisting of disks is used.
Therefore, in these sessions, we used square figures, taking our justification from studies that have demonstrated that the Ebbinghaus illusion occurs in a wide range of shapes (e.g., Coren & Enns, 1993; Coren & Miller, 1974) . We manipulated the orientation and phase of the gratings in the stimuli and background so that the angle between them along the borders was always the same (90°) and the phase always differed by half a cycle. The resulting stimuli resemble abutting grating stimuli (Fig. 6) , which have been used in several studies on secondorder vision and have been proven to elicit the same kind of neural excitation as other second-order attributes (e.g., Song & Baker, 2006 .
A square target and square inducers served as the stimuli in these sessions. The new stimulus configuration was constrained in terms of the size and number of stimuli that could be chosen. Therefore, the stimuli were changed as follows. The side of the square was 108 pixels (3.06 deg) wide for the target square, 162 pixels (4.58 deg) wide for the LIs, and 42 pixels (1.19 deg) wide for the SIs. The number of inducers was changed to four in the LI condition and eight in the SI condition. The center-to-center distance between the target and each inducer was changed to 192 pixels (5.43 deg) for the LI condition and 132 pixels (3.74 deg) for the SI condition, respectively, which resulted in an edgeto-edge distance of 57 pixels (1.62 deg) for both LI and SI stimuli.
The grating orientations were changed to −45°for the background and 45°for the target and inducers. Therefore, the angle between the gratings of the stimuli and background was 90°at every point of the border. The phases of the gratings were shifted by half a cycle on the borders between the stimuli and background. Therefore, no continuous luminance angles could be seen on the borders. The contrast was changed to 70% to improve visibility. A uniform gray (91.72 cd/m 2 )
square with a thin (1 pixel wide) dark gray (56.03 cd/m 2 ) border served as the reference square. We tested only the OD target with OD inducers. A practice session with a target square without inducer squares was followed by sessions with the LI and SI stimuli, with their order counterbalanced between the observers.
The illusion strength values for each observer are shown in Fig. 7 . Illusion strength was significantly different from zero for all observers. Therefore, the Ebbinghaus illusion persisted in stimuli better controlled for luminance artifacts. The illusion seemed weaker in this stimulus configuration than it was in the disk configuration. However, at least two factors may have contributed to this difference. The new stimuli might have been harder to distinguish from the background pattern than the original disk stimuli, and this could have affected the observers' performance. In addition, the square shapes of the stimuli might have provided the observers with additional size cues that the circular shapes did not. In this case, judging the size of the stimuli might have been easier and more veridical in these additional sessions, which therefore might have decreased the effects of the illusion.
Visibility
Another possible issue, which can affect perception of first-and second-order attributes, is their visibility. As Schofield and Georgeson (1999) reported, the human visual sensitivity to luminance modulations is higher than to contrast and orientation modulations. In the main experiment, the procedure for matching relative visibility across LD, CD, and OD stimuli was rather rough. Here we present an additional experiment, controlling for relative visibility of first-and second-order stimuli. First, separately for each participant, we determined the luminance of the LD stimulus and the contrast of the CD stimulus at which they looked just as salient as the OD stimulus. Then, we measured the illusion strength in each possible combination of LD, CD, and OD target and inducer disks.
Six observers participated in these sessions (four females and two males). Observers O1, O2, O5, and O6 had also participated in the main experiment, whereas observers O7 and O8 were new naïve observers.
The procedure used to match the visibility involved a forced choice in stimulus saliency between two intervals, and was very similar to that used in Schofield and Kingdom (2014) . An OD disk was presented for 500 ms, and after a 500-ms inter-stimulus interval, was followed by either LD or CD disk for 500 ms. The observers were requested to report which disk seemed more salient to them. All disks had the same size and properties as the LD, CD, and OD target disks used in the main experiment. However, the luminance decrement of the LD disk and the contrast of the CD disk were chosen from one of seven different levels. There were 20 trials per each level. Psychometric functions were fitted with the logistic function. The points of subjective equality in terms of saliency are shown in Table 1 .
Next, by using stimuli with the matched salience, the illusion strength was measured as in the main experiment, but by the method of adjustment. The target disk surrounded with either LI or SI was presented on the left. A uniform gray disk with a thin dark-gray border served as a reference disk and was presented on the right, with vertical position jitter. The observer adjusted the size of the reference disk by pressing keys on the keyboard. The initial diameter was randomly chosen from a range of 1.36-2.49 deg on half of the trials and 3.62-4.75 deg on the other half. Each of nine possible combinations of LD, CD, and OD target and inducer disks was tested in a separate session, each consisting of 40 trials, 20 for LI and 20 for SI stimuli.
The illusion strength was calculated as the difference in mean adjusted diameter between the SI and LI conditions (Fig. 8) .
A two-way repeated measures ANOVA revealed that there was a significant interaction between the target type and inducer type, F (4, 20) = 3.26, p = .03. There was a significant simple main effect of target in CD inducer stimuli, F (2, 10) = 4.34, p = .04, but the differences in multiple comparisons did not survive Bonferroni-corrected t-tests. There was also a significant simple main effect of inducer in the LD target stimuli, F (2, 10) = 28.94, p = .0001. Multiple comparisons indicated that the LD inducers affected the LD target more than the CD inducers (t = 7.24, p = .002) and the OD inducers (t = 5.49, p = .003) did.
These results replicate and confirm the results of the main experiment in stimuli better controlled for relative visibility. First, not only the illusion occurred in all conditions, but it also had more or less similar strengths across conditions. Second, the same asymmetry in the illusion strength as in the results of the main experiment was present again. The second-order inducers affected the first-order target less than the first-order inducers did, but not vice versa.
Discussion
The results of our experiment demonstrated that the Ebbinghaus illusion occurred in the CD and OD stimuli, and that illusion strength was comparable with that for the LD stimuli. In the case of the compound stimuli, there was an asymmetry as to how strongly the inducers affected the target, that is, the second-order inducers produced a stronger illusion in the second-order targets than in the LD target, but the LD inducers produced an equally strong illusion in all targets. The Fig. 7 . Illusion strength for the orientation-defined (OD) target and inducers in the original disk configuration and the new square configuration for the six observers as well as inter observer means. The error bars denote the standard error. The disk configuration data for each observer are replotted from Fig. 3 . *** p < .001, ** p < .01, * p < .05.
Table 1
Measures of the luminance decrement of the LD stimulus and the contrast of the CD stimulus at the perceptual match to the OD stimulus in terms of saliency. In parentheses are the actual, technically attainable values used to create the stimuli to measure the illusion strength in the subsequent experiment. Fig. 8 . Illusion strength for each combination of the luminance-defined (LD), contrast-defined (CD), and orientation-defined (OD) target and inducers, with the data for the six observers and inter observer means plotted separately in different panels.
LD target was also more strongly affected by the LD inducers, than CD and OD inducers, while, the second-order targets were equally affected by all inducers. In contrast to the study by Papathomas et al. (1996) , in our experiment the illusion had a comparable strength in first-and secondorder stimuli. This discrepancy is likely to come from differences in stimulus design. In Papathomas et al.'s (1996) study, the monocularly visible stimuli contained a cyclopean element as well, thus providing the visual system with more information. In our stimulus design, the LD, CD, and OD stimuli were each defined only by luminance, contrast, and orientation, respectively, that had a different value compared with the background. Therefore, our stimulus design is more suitable to assess how shapes defined by different attributes are processed by the visual system. Below we discuss implications of our findings.
First, our results demonstrate that shapes can be perceived, and also more or less misperceived in stimuli designed to induce an illusory effect, when stimuli are defined solely by a second-order attribute. This form of cue-invariance is largely beneficial as the visual system deals with natural images, in which a wide range of attributes can define objects, especially when variations in luminance alone are not high enough to detect an edge between different objects. In addition, a wide range of shapes and sizes in natural images can have common variations in luminance, contrast, and texture between figure and ground. Therefore, having separate mechanisms for different attributes could be unprofitable and consuming at a certain level of abstraction.
Second, our results suggest that shapes defined by different attributes are processed by a shared mechanism, since in our study the illusion strength in most of the compound stimuli was comparable to that in the stimuli defined solely by one attribute. Taken together with previous studies (e.g. Cavanagh, 1987) , it is likely that these similarities extend beyond the geometrical optical illusions to other phenomena of shape perception. This is consistent with the idea that a cue-invariant shape representation exists in the visual system and many forms of shape processing, e.g., the processes responsible for the Ebbinghaus illusion, occur at the level of cue-invariant representations. There is also evidence supporting the existence of such cue-invariant shape representations in neural structures. For example, neurophysiological studies (Sáry, Vogels, Kovács, & Orban, 1995; Sáry, Vogels, & Orban, 1993) report that some cells in the monkey inferotemporal (IT) cortex have cue-invariant shape selectivities. In a human magnetoencephalography study, Okusa, Kakigi, and Osaka (2000) found activation in the IT cortex when the observers were looking at shapes defined by such stimulus attributes as luminance, flicker, and texture. Areas of high activation partially overlapped when the same shape defined by different attributes was presented. The area of overlap might correspond to a locus of cue-invariant shape processing.
Third, we used OD stimuli defined by high-frequency (10.6 cpd) sine-wave gratings, which can be poorly resolved by the magnocellular layers of the LGN. The fact that the Ebbinghaus illusion occurred in these stimuli strengthens the idea that such geometrical optical illusions are a product of processing taking place in the parvocellular and/or koniocellular layers of the LGN.
The Ebbinghaus illusion is widely used to investigate dissociation between perception and action, such as grasping (for review see Goodale & Milner, 2018 ). An initial suggestion was that conscious perception and manual action rely on visual information carried by different neural streams, ventral and dorsal, respectively. According to the dissociation view, object position and size are coded relative to other objects inside the ventral stream, and are hence prone to the Ebbinghaus illusion. In the dorsal stream, however, object position and size are coded relative to the observer, which makes the effect exerted by inducer disks much weaker or even absent (Milner & Goodale, 1995) . While some found this dissociation (e.g., Aglioti, DeSouza, & Goodale, 1995) , others did not (e.g., Franz, Gegenfurtner, Bülthoff, & Fahle, 2000) . Since the dorsal stream receives information predominantly, but not exclusively, from the magnocellular pathway originating from the magnocellular layers of LGN (Milner & Goodale, 1995) , our stimulus design is ideal to ask how different layers of LGN contribute to illusory effects in tasks involving action.
Other studies investigating the Ebbinghaus illusion and other size contrast illusions show the independency of shape from attributes defining it. For example, it was previously reported that the illusion was equally strong over a range of luminance variations of the target and inducer disks (Cooper & Weintraub, 1970) , although the degree of strength has been equivocal from study to study (e.g., Jaeger & Lorden, 1980; Oyama, 1962) . The illusion strength is also immune to hue variations (Oyama, 1962) . On the contrary, figural and semantic similarities do influence the strength of the Ebbinghaus illusion (Coren & Enns, 1993; Coren & Miller, 1974) , presumably reflecting some ecological validity of exploiting figural and semantic information for judging object size.
It is intriguing to discuss potential reasons of the asymmetry in illusion strength in the compound stimuli: the second-order inducers affected the first-order target less than the first-order inducers affected the second-order target. Similar asymmetry has been found in a study on the motion aftereffect (Schofield et al., 2007) , such that a first-order adapter affects a second-order test stimulus more than vice versa. These results can be explained by the presence of a hierarchy in processing first-and second-order attributes. However, as it follows from our results, the Ebbinghaus illusion is likely made explicit after all attributes have already been integrated. Therefore, in this case, a hierarchy of processing cannot explain asymmetry in illusion strength.
The illusion strength of the Ebbinghaus illusion can be expressed as how much the inducers, whose size, in turn, determines the illusion direction, affect the target size. Some other parameters affect the illusion strength, such as inducer number, target-inducer distance (Massaro & Anderson, 1971) , and figural similarity (Coren & Miller, 1974) . We would argue that, although all the tested attributes contribute to the illusion in our study, the attributes defining the target and inducer may differently contribute to the quantitative aspect of the illusion, in a way that first-order elements have more "weight" than second-order elements. When both the target and inducers are defined by first-order attributes, their impacts as sensory evidence are equally weighted resulting in a 100% illusion. Second-order target and inducers are also equally weighted; hence the illusion is 100%. When the target is second-order and the inducers are first-order, the more "weighted" inducers may exert a potentially stronger inducing power but limited by some ceiling effect. When the target is first-order and the inducers are second-order, the inducing power is less "weighted" and we would expect the illusion strength to be smaller only in this condition. This scenario is currently only a speculation, but is consistent with the asymmetry observed by us.
On the other hand, no such asymmetry was reported in compound stimuli in the horizontal-vertical illusion (Cavanagh, 1989) . Again, this can be explained by differences in the nature of the illusions. While the elements of the stimulus for the Ebbinghaus illusion are usually defined by inducing elements and an affected element, there is no such division in the stimulus for the horizontal-vertical illusion. Here, the comprising elements may mutually affect each other and, if any differences in illusion strength existed, they should have been symmetrical.
Why should second-order attributes have less "weight" than firstorder attributes? We see two possible explanations. The first possibility is that second-order stimuli tend to be less salient than first-order stimuli. Previous studies have shown that our sensitivity to luminance modulations is higher than to contrast and orientation modulations (Schofield & Georgeson, 1999; Schofield et al., 2007) . Thus, the visibility of the LD stimuli in our study might have been higher than those of the CD and OD stimuli. Low visibility can sometimes be crucial for illusion strength. For example, early studies reported that many geometrical optical illusions diminished in equiluminant color stimuli and in LD stimuli if their luminance contrasts were lower than 5% (Livingstone & Hubel, 1987) . Subsequent studies took into account differences in sensitivity to luminance and color and showed that the illusions occurred in equiluminant stimuli, when the lines in stimuli were bold enough for the chromatic system to resolve them (Hamburger et al., 2007) . We tried to overcome this possible confound by conducting an additional experiment in which stimulus visibility was matched. The asymmetry in illusion strength remained even in the stimuli matched for their relative visibility, which makes the above possibility less likely. The second possibility is that first-order attributes inherently provide a more reliable cue to shape than second-order attributes; thus, in shape processing, they are preferentially treated by the visual system as a privileged contribution to shape perception. For example, Schofield et al. (2010) argue that first-and second-order attributes tend to co-occur in natural images, and second-order attributes may serve as supplementary information useful to disambiguate situations when it is not clear whether changes in luminance are signaling boundaries between objects or shading (see also Kingdom et al., 2006) .
These two possibilities would also point to different underlying neuronal mechanisms. If differences in illusion strength were due to the visibility advantage of first-order attributes compared to second-order attributes, the neuronal locus processing first-order attributes would be more excited than the locus for second-order attributes. This would result in richer information flow to the locus of cue-invariant processing from first-than from second-order attributes, even if the loci for the two attributes had the same degree of connectivity to the cue-invariant locus. On the other hand, if first-order attributes inherently had a more privileged contribution to shape perception no matter whether visibility is equated across attributes, there should be stronger neuronal connections to the cue-invariant locus from the first-than the second-order locus. Moreover, if second-order information is used to disambiguate first-order information, it is possible that second-order responsive cells facilitate the responses of first-order cells, rather than project to the cue-invariant locus.
There is indeed a number of neurophysiological studies in cats and monkeys demonstrating that many luminance-responsive neurons also respond to contrast modulations (Li et al., 2014; Mareschal & Baker, 1998; Song & Baker, 2007; Zhou & Baker, 1993 , and that first-and second-order attributes are indeed integrated, as suggested by dependence of neuronal responses on the relative phase of superimposed first-and second-order stimuli (Hutchinson, Ledgeway, & Baker, 2016) . However, a problem with all of the views we discussed is that current neurophysiological studies have found little evidence for the existence of cells responsive to second-order attributes exclusively. This might be due to methodological issues. Many such studies search for active cells using luminance signals, thus they might have missed cells responsive only to second-order attributes if such cells had existed. Moreover, some studies showed that cells responsive to both first-and second-order attributes have different preferred spatial frequencies for the two attributes, suggesting that there are indeed two separate mechanisms (Mareschal & Baker, 1998; Zhou & Baker, 1996) . Findings from Schofield et al. (2010) also suggest that the outputs of these mechanisms are separately available in the visual system. Possibly, neurons responsive only to second-order attributes could be investigated using such techniques as reverse correlation with stimulus sequences defined by second-order attributes.
Conclusion
Our study showed that the Ebbinghaus illusion occurred in luminance-defined, contrast-defined, and orientation-defined stimuli, as well as compound stimuli in which the target and inducer disks were defined by different attributes. The illusion had similar strength irrespective of what attribute defined the stimuli, which is consistent with the idea of a common cue-invariant mechanism of shape processing pertinent to this illusion. We also found an asymmetry in how first-and second-order attributes affected the illusion strength, such that the inducer disks defined by second-order attributes affected a second-order target disk stronger than they affected a first-order target disk, but there was no such difference for first-order inducer disks.
